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® Turbo-charger with rotary machine. 



© A turbo-charger (120) with a rotor directly connected thereto has a turbine impeller (1b), a turbine shaft (la) 
secured to the turbine impeller (1b) and a compressor secured to the turbine shaft and driven thereby to forcibly 
feed air into an internal combustion engine (107). The rotor (3a) is provided on the turbine shaft (la) and so 
structured as to prevent the occurrence of an unbalanced condition during rotation of the turbine shaft (la). 
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TURBO-CHARGER WITH ROTARY MACHINE 

BACKGROUND OF THE INVENTION 

The present invention relates to a turbo-charger with a rotary machine to be rotated at a high speed. 

In recent years, it has become practical to equip interna! combustion engines with turbo-chargers each 
5 having a turbine rotatable by engine exhaust gases to compress engine intake air to supercharge an engine. 
It has also been thought of to utilize the thermal energy of engine exhaust gases to produce supercharging 
air as well as to generate an electric power. More specifically, a device is thought of which includes a turbo- 
charger having a turbine shaft connected with not only a compressor but also a rotor which is formed by a 
permanent magnet capable of withstanding magnetic reduction at a high temperature. The device also 
70 includes a stator disposed around the rotor with a predetermined gap formed therebetween. An example of 
such device is disclosed in U.S. Patent No. 4,253,031. 

It is also proposed that, in the case where the thermal energy possessed by engine exhaust gases is so 
high that the power generated by a turbo^charger turbine cannot be fully spent by a supercharging 
compressor, the surplus thermal energy is utilized to drive a rotary machine formed by a rotor and a stator 
75 to cause the machine to generate an electric power and that, in the case where the thermal energy of the 
engine exhaust gases is so low that the power generated by the turbine is insufficient to drive the 
supercharging compressor, the rotary machine is electrically energized by an electric power source to 
cause the machine to act as an eierctric motor. This art is disclosed disclosed in, for example, Japanese 
Unexamined Patent Publication No. 52-254649. 
20 Such turbo-chargers are, in general, rotated at a super high speed. Thus, when a dynamic unbalance is 
caused in the rotor of the rotary machine on a turbo-charger during a high speed operation thereof, there is 
a possibility that the turbine shaft suffers from a bending vibration which would cause a resonance resulting 
in a breakdown of the whole of the turbo-charger. 

25 

SUMMARY OF THE INVENTION 

Under the circumstance discussed above, the present invention has its object to provide a turbo- 
charger of the class specified above and having a structure which enables the rotor to witiistand a super 
30 high speed rotation. 

In order to achieve the object, the present invention provides an improvement in turbo-chargers which 
have been known per se. 

35 BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 diagrammatically illustrates a supercharged internal combustion engine; 

Fig, 2 is an axial sectional view of an embodiment of a turbo-charger equipped with a rotary machine; 

Figs. 3-5 are axial sectional views of embodiments of a permanent magnet rotor, respectively; 
40 Figs. 6 and 7 are cross-sections respectively taken along line VI- VI in Fig. 3; 

Fig. 8 is a diagrammatic illustration of a segment of the permanent magnet rotor; 

Fig. 9 is a graph showing the relationship between the number of split segments of a permanent 
magnet and the speed of rotation; 

Rg. 10 is a graph showing the relationship between the stress in a cylindrical reinforcement member 
45 and the thickness thereof; 

Fig. 11 diagrammatically illustrates stresses generated in the permanent magnet rotor when the 
permanent magnet is press-fitted into the cylindrical reinforcement member; 

Rgs. 12-14 are axial sectional views of further embodiments of the permanent magnet rotor; 

Fig. 1 5 shows a method of assembling the permanent magnet rotor; 
so Figs. 16-19 are axial sectional views of further embodiments of the permanent magnet rotor; 

Fig. 20 is an axial sectional view of another embodiment of the turbo-charger; and 

Fig. 21 is an axial sectional view of a mechanical seal in the turbo-charger shown in Fig, 20. 

DESCRIPTION OF PREFERRED EMBODIMENTS 
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Referring to Fig. 1 which diagram matically illustrates a turbo-charged internal combustion engine 107, 
an engine Intake air is sucked through an air inlet of an air cleaner 101 and flows through a duct 103, a 
throttle body having a throttle valve 105 and through an intake manifold 106 into engine cylinders. The 
quantity of the engine intake air is detected by a heat wire type air flow meter 102 mounted on the duct 103 
5 to generate a signal which Is Input into a control unit 1 09. 

On the other hand, a fuel is supplied from a fuel tank, not shown, and injected through an injector 1 16 
into an intake air passage in which the injected fuel is mixed with the intake air to form an air-fuel mixture 
which is then fed into engine cylinders only one of which is shown in Fig. 1 . The mixture is compressed in 
each cylinder and ignited therein by an ignition plug 115 to produce a combustion gas which is exhausted 
70 through an exhaust pipe 108. An exhaust gas sensor, not shown, is mounted on the exhaust pipe 108 to 
generate a signal which is also input into the control unit 109. 

An ignition coil 113 generates a high voltage current which is distributed by a distributor 114 to ignition 
plugs 115 associated with respective cylinders. The conditions of the engine rotation are detected by a 
crank angle sensor 112 which generates a signal per predetermined angles of the crank shaft rotation. The 
?5 crank angle signals are also fed into the control unit 109. The engine 107 is provided with a vibration sensor 
which also generates a vibration signal also input into the control unit 109. 

The control unit 109 computes the supply of fuel to the engine, the ignition timing and so forth on the 
basis of the signals from respective sensors and generates control signals fed to engine controlling 
actuators. 

20 The engine is further equipped witha turbo-charger 120 operable by the energy of the engine exhaust 

gases to supercharge the engine. The turbo-charger 120 is provided with a rotary machine directly 

connected thereto. An ex^ple of the rotary machine is shown in Fig. 2. 

The turbo-charger 120 includes a turbine impeller lb to be rotated by the engine exhaust gases. The 

impeller lb is disposed in a turbine casing 6 and fixed to a turbine shaft 1a. A compressor impeller 2 is 
25 disposed in a compressor casing 7 and fixed to the turbine shaft la for rotation thereby to forcibly feed air 

into the engine. 

The turbine shaft la carries thereon a thrust bearing 4b, a collar 4. a permanent magnet rotor 3a and 
the above-mentioned compressor impeller 2. These component parts are fixed to the turbine shaft and 
fastened between a stepped portion 1c of the shaft and a nut 8 thereon. The turbine shaft 1a is supported 
30 by a center housing 9 with a radial bearing 4a interposed therebetween. 

The rotary machine connected directly to the turbo-charger of this embodiment is formed by the 
permanent magnet rotor 3a and a stator 3b. 

Because turbo-chargers in general are rotated at super high speeds, rotors directly connected to turbo- 
chargers are subjected to large centrifugal forces. In order that the rotors may withstand rotations at super 
36 high speeds, therefore, the rotors should preferably be designed to be as small and light as possible. From 
this point of view, the air gap between the rotor 3a and the stator 3b is determined to be as small as 
possible, i.e., 0.5 mm. for example. 

The stator 3b has three-phase windings (not shown), while the rotor 3a is made of a permanent magnet 
which is strong and highly durable against magnetic reduction at a high temperature, such as samarium 
40 cobalt magnet. 

As such, the rotor 3a and the stator 3b cooperate together to form a three-phase rotary machine. When 
the energy of the exhaust gases of the internal combustion engine equipped with the thus structured turbo- 
charger is so high that the power generated by the turbine impeller 1b is more than enough to drive the 
compressor impeller 2, a part of the power is utilized to operate the three-phase rotary machine as a 
45 generator so that a part of the engine exhaust gases can be collected in the form of an electric power. 

On the other hand, if the energy of the engine exhaust gases is so low that the power generated by the 
turbine impeller lb is insufficient to drive the compressor impeller 2, the three phase rotary machine may 
be energized by an external electric power and operated as an electric motor to drive the compressor 
impeller 2. 

50 The permanent magnet should be so mounted on the shaft that the magnet does not rotate relative to 
the shaft. In order to bear the centrifugal force of the permanent magnet, a fixing tube may be fitted over 
the outer periphery of the permanent magnet and secured thereto by an adhesive. A fiber-reinforced plastic 
material may be substituted for the fixing tube. However, a further consideration should be made to prevent 
the fixing tube from being deformed by centrifugal force and to prevent the permanent magnet from being 

55 broken due to such centrifugal deformation of the fixing tube. 

During engine operations at rated speeds, there are many times when turbo-chargers are rotated at 
speeds higher than 100,000 r/min. However, magnetic materials in general have relatively low mechanical 
strengths and would possibly be broken by centrifugal force. In order to bear the centrifugal force to prevent 
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the permanent magnet of the rotor, it is insufficient to simply fit a cylindrical reinforcement member onto the 
permanent magnet because the cylindrical reinforcement member is outwardly deformed by the centrifugal 
force. After the reinforcement member has been so deformed, the reinforcement member will be no longer 
operative to inwardly support the permanent magnet resulting in a breakdown of the permanent magnet 

5 In order to prevent such breakdown of the permanent magnet, it is necessary to increase the rigity of 

the cylindrical reinforcement member fitted over the shaft to assure that the reinforcement member can 
withstand a centrifugal force generated by a super high speed rotation. 

When an axial end plate is provided in addition to such cylindricai reinforcement member, the end plate 
is less liable to be centrifugally deformed than the cylindrical reinforcement member. Thus, by an axial end 

70 plate provided to cover an end face of a cylindrical permanent magnet, it is possible to, for example, 
inwardly support the outer periphery of an open end of a cylindrical reinforcement member fitted onto the 
cylindrical permanent magnet. For this purpose, the cylindrical reinforcement member and the axial end 
plate may be provided with mutually fitting or engaging portions. When the cylindrical reinforcement 
member and the axial end plate are so engaged with each other that the outer periphery of the open end of 

75 the cylindrical reinforcement member is inwardly supported, the occurrence of the centrifugal deformation 
of cylindrical reinforcement member can be greatly suppressed to enable the reinforcement member to 
be Hable to withstand a super high speed rotation. 

It is also possible to reinforce a cylindrical permanent magnet by longer and shorter cylindrical 
reinforcement members each having an integral bottom or end wall covering an end face of the cylindrical 
20 magnet and to arrange such that the outer periphery of the open end of the longer reinforcement member is 
engaged and inwardly supported by the open end of the shorter reinforcement member. The engagement 
between the open ends of the longer and shorter cylindricai reinforcement members may preferably be in 
the form of socket and spigot joint that can provide a substantially smooth and continuous outer peripheral 
surface. 

25 The end walls of the longer and shorter cylindrical reinforcement members can act as end plates 
integral with the cylindrical peripheral walls thereof. The portions of the reinforcement members adjacent 
the end walls are restrained by the end walls and. thus, are capable of withstanding the centrifugal forces. 
Comparing the longer and shorter cylindrical reinforcement members in respect of the centrifugal deforma- 
tion, therefore, the shorter cylindrical member is less liable to be centrifugally deformed than the longer 

30 member. Accordingly, by inwardly supporting the outer periphery of the longer cylindrical reinforcement 
member by means of the shorter cylindrical reinforcement member, it is possible to greatly suppress the 
occurrence of a centrifugal deformation of the longer cylindrical member to assure that the longer member 
can withstand a super hgih speed rotation. 

In addition, if the junction between the reinforcement members is in the form of the socket and spigot 

35 joint, the junction does not produce any step in the outer peripheral surface of the reinforcement members 
thus fitted or engaged with each other to advantageously assure that the rotor matches well with a radially 
opposed member and is prevented from becoming dynamically unbalanced. 

It is also possible to connect, by welding, an open end of a cylindrical reinforcement member fitted onto 
a cylindrical permanent magnet to an outer peripheral portion of an axial end plate covering an end of the 

40 magnet such that the welding is effected along a circle of a diameter greater than the outer diameter of the 
cylindrical penmanent magnet. Such welding is effective to prevent the cylindrical reinforcement member 
from being centrifugally deformed. The welding effected along the circle radially outwardly of the outer 
periphery of the cylindrical permanent magnet does not cause any thermal Influence in the permanent 
magnet which is otherwise caused to deteriorate the magnetic characteristic of the permanent magnet and 

45 tends to produce gases in the permanent magnet to lower the welding strength. 

It is also preferred to divide the cylindrical permanent magnet into a plurality of magnet segments along 
planes passing through the axis of the cylindrical magnet and press-fit the thus divided magnet segments 
into the cylindrical reinforcement member with the gaps between the magnet segments filled with 
expansible plastic material. To so divide the cylindrical permanent magnet into a plurality of magnet pieces 

50 is effective to reduce the centrifugal stress generated in the cylindrical permanent magnet to thereby more 
reliably enhance the advantageous result of the present invention. The reason will be described hereunder. 

When a cylindrical permanent magnet mounted on a shaft is rotated at a super high speed without any 
reinforcement member fitted over the magnet, it is possible that the magnet is broken into a plurality of 
pieces because the magnetic steel has a low strength relative to its specific gravity. If the cyljnGr;cal 

55 permanent magnet is divided beforehand into a plurality of segments and the divided magnet segments are 
assembled and fitted into a cylindrical reinforcement member, the assembled magnet segments are not 
centrifugally broken. The centrifugal forces of the magnet segments are borne by the cylindricai reinforce- 
ment member surrounding the assembled magnet segments, 
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While it was known to divide a permanent magnet rotor into a plurality of magnet segments, the 
cylindrical reinforcement member according to the present Invention Is constructed to well withstand the 
centrifugal force to assure that the advantage of dividing the permanent magnet rotor is enhanced. 

Fig. 3 shows in a sectional view an embodiment of a permanent magnet rotor for use in a rotary 
5 machine to be directly connected to a turbo-charger. A cylindrical permanent magnet 12 is fixedly mounted 
on the shaft la and reinforced by a bottomed cylindrical reinforcement member 10 which includes a 
cylindrical section 10a fitted onto the cylindrical magnet 12 and a circular end wall 10b integral with the 
cylindrical section and having formed therein a central through-hole I0b-1 through which the shaft 1a 
extends. A circular end plate 11 having formed therein a through-hole for the shaft la closes the open end 
ro of the cylindrical section 10a and is connected thereto by means of a socket and spigot joint 9 disposed 
within the end face of the open end of the cylindrical section 10a. The socket and spigot joint 9 is arranged 
such that the joint portion of the cylindrical section 10a is inserted into the joint portion of the end plate 1 1 
and fixed thereto by shrinkage-fitting with epoxy resin interposed between the joint portions. 

When the thus formed permanent magnet rotor is rotated at a super high speed (higher than 100.000 
15 r/min.). the cylindrical section 10a of the reinforcement member is subjected to a centrifugal force. However, 
the portion 10a-l of the cylindrical section 10a adjacent to the end wall 10b is restrained by the end wail 
and thus is not deformed outwardly. 

On the other hand, the portion 10a-2 of the cylindrical section 10a adjacent to its open end tends to be 
outwardly deformed due to the centrifugal force. However, because this portion 10a-2 is radially inwardly 
20 restrained by the socket and spigot joint 9, this portion 10a-2 can withstand the high speed rotation. 

Fig. 4 shows another embodiment in which the cylindrical permanent magnet 12 mounted on the 
turbine shaft 1 is reinforced by a bottomed and longer cylindrical reinforcement member 10L including a 
bottom wall 10L-1 dosing one end face of the cylindrical magnet 12 and a cylindrical section 10L-2 integral 
with the bottom wall lOL-1 and fitted onto a part of the outer periphery of the cylindrical magnet 12. The 
25 cylindrical magnet 12 is also reinforced by a bottomed shorter cylindrical reinforcement member 10S 
including a second end wall 10S-1 closing the other end face of the cylindrical magnet 12 and a cylindrical 
section 10S-2 integral with the end wall 10S-1 and fitted over the rest of the outer periphery of the 
cylindrical magnet 12. The open ends of the longer and shorter cylindrical reinforcement members lOL and 
IDS are connected together by means of a socket and spigot joint 9-2 similar to the joint 9 shown in Fig. 3 
30 to assure that the shorter reinforcement member lOS prevents the open end of the longer reinforcement 
member 10L from being outwardly deformed by centrifugal force. 

The words "longer" and "shorter" are used herein to mean the relative lengths of the two reinforcement 
members 10L and 10S. Specific dimensions of these reinforcement members can be appropriately 
determined. 

35 The two cylindrical reinforcement members 10L and 10S of this embodiment have integral end walls 
10L-1 and 10S-1. respectively. When the cylindrical magnet 12 is assembled with these reinforcement 
members, the joint portions of the two reinforcement members are first separated from each other and, 
then, the cylindrical magnet 12 is assemble with the reinforcement members and. thereafter, the two 
reinforcement members 10L and 10S are connected together with epoxy resin applied to the joint portions 

40 of the reinforcement members. 

Fig. 5 shows a further embodiment in which a bottomed cylindrical reinforcement member 10 similar in 
structure to the cylindrical reinforcement member 10 described with reference to Fig. 3 has an open end 
closed by a circular end plate 14 which is welded to the reinforcement member 10 along the outer 
periphery of the end plate 14 as at 16. The welding was conducted by electron beam welding. The welding, 

45 however, can be conducted by any other welding method, such as YAG laser welding. 

In the embodiment shown in Rg. 5, a step is formed in the inner surface of the open end portion of the 
cylindrical reinforcement member 10 . The circular end plate 14 has an outer diameter larger than the outer 
diameter of the cylindrical permanent magnet 12 and is engaged at its outer periphery with the stepped 
portion of the open end of the cylindrical reinforcement member 10 and then welded thereto. 

50 As such, the radius r2 of the circle along which the welding is conducted is determined to be larger than 
the radius ri of the cylindrical permanent magnet 12 to assure that, when the welding is conducted, the 
permanent magnet is prevented from being adversely thermally influenced by electron beam, laser beam, 
welding arc or the like. This advantageously prevents the reduction in the welding strength which would 
otherwise be caused due to gases produced by heated permanent magnet. 

55 To further improve the prevention of the thermal effect to the permanent magnet, the bottomed 
cylindrical reinforcement member 10 and the circular end plate 14 may preferably made of a material 
having a low heat conductivity, such as titanium alloy. 

The section taken along line VI-VI in Fig. 3 is shown in Fig. 6. The cylindrical permanent magnet shown 
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in Fig. 6 is divided Into two haves 12a and 12b along a plane passing through the axis of the cylindrical 
magnet 12. To divide the cylindrical permanent magnet Is effective to prevent the magnet from being 
broken by centrifugal force to thereby enable the magnet to withstand a super high speed rotation. 

The magnet used in this embodiment has an anisotropy in a direction indicated by an arrow M which is 
5 perpendicular to the plane along which the cyllndircal magnet 12 is divided into magnet segments 12a and 
12b. When this magnet is used» it is not always necessary to divide the magnet in accordance with the 
number of poles of the rotary machine in which the magnet is used. 

The gap formed between the divided magnet segments I2a and 12b is filled with an expansible resin 
17 (for example, epoxy-based elastic adhesive) by a vacuum impregnation method. The expansible and 
70 contractive characteristic of the expansible resin 17 can follow any slight change of the inner diameter of 
the cylindrical reinforcement member which would take place when the speed of the rotation of the rotor is 
varied. 

Fig. 7 shows a stil! further embodiment in which the cylindrical permanent magnet 12 is divided into 
three magnet segments 12c, 12d and 12e. The gaps between these magnet segments are filled with an 

15 expansible resin 18. This embodiment also provides an advantage similar to that obtainable from the 
embodiment In which the magnet is divided into two segments. 

To divide a cylindrical permanent magnet into a plurality of magnet segments as described with 
reference to Figs. 6 and 7 is applicable to any of the embodiments described hereinabove to more reliably 
assure that the rotor can withstand a super high speed rotation, 

20 As the speed of rotation of the rotor is increased, the centrifugal stress generated in the cylindrical 
magnet is correspondingly increased. When the centrifugal stress exceeds the anti-breaking strength, 
cracks are formed in the permanent magnet until the same is broken. If the permanent magnet is so broken 
during the operation of the turbo-charger, an unbalanced condition will take place to cause a resonance, as 
discussed hereinabove, which would possibly lead to a breakdown of the turbo-charger itself. 

25 On the other hand, in the case where the cylindrical magnet is divided into a plurality of magnet 
segments, the centrifugal stress generated in the magnet is smaller, even for the same speed of rotation, 
than in the case where the cylindrical magnet is not divided. By dividing the cylindrical magnet beforehand, 
therefore, it is possible to prevent the permanent magnet from being broken during a turbo-charger 
operation to thereby avoid the occurrence of an unbalanced condition and a resultant occurrence of 

30 resonance of the turbine shaft. 

The inventors have conducted an analysis of this subject matter and found a relationship between the 
number of magnet pieces into which a cylindrical magnet is broken and Uie turbo-charger speed at which a 
break of the cylindrical magnet takes place, 

A description will be made with reference to a model of a divided permanent magnet segment 20 

35 shown in Fig. 8. A centrifugal force F acting on the magnet segment 20 is given by an equation 
F = W/g • Xa • (1) 

where W is ^e weight of a half of the magnet segment, g is the gravitational acceleration, Xa is the center 
of gravity of a half of the magnet segment, co, (= N). is the angular velocity and N is the speed of 
rotation. 

40 A force PK which acts on the central plane 21 of the magnet segment 20 can be obtained on the basis 
of the centrifugal force F. Assuming that the central angle of the magnet segment 20 is represented by 2e. 
the force PK is given by an equation: 
PK = 2F cos {&) (2) 

It is to be noted that the magnet segment 20 is broken into magnet pieces when the force acting on the 
45 central plane 21 of the magnet segment 20 exceeds the anti-breaking strength of the permanent magnet. 

Fig. 9 graphically shows the relationship between the number of magnet pieces into which a permanent 
magnet is broken and the speed of rotation at which the break takes place, this relationship was obtained 
from a conventional magnet having an outer diameter of 23 mm. an inner diameter of 8 mm, a length of 16 
mm. a specific gravity of 8.5 x 10^ kg/m^ and an anti-breaking strength of 10 kg/mm^. The contents of the 
50 graph shown in Fig. 9 are ordered in a table 1 below. 
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Table 1 



Number of divided 
magnet pieces 


Speed of 
rotation (RPM) 


4 


7.8 X 10^ 


8 


10.2 X 10* 


16 


13.8 X 10*^ 


32 


19.4 X 10* 



As will be seen in the above table, if the turbo-charger is to be operated at a speed not less than 
75 100,000 rpm, the cylindrical permanent magnet should be divided into at least eight segments. If the speed 
of rotation Is to be increased beyond 150.000 rpm, the magnet must be divided into more than sixteen 
magnet segments. 

It will be understood from the above description that the cylindrical permanent magnet of the rotor may 
preferably be divided before hand into magnet segments in accordance with a predetermined rated speed 
20 of an associated turbo-charger and then assembled with the turbo-charger to avoid the occurrence of 
resonance of the turbine shaft. 

The most advantageous result is obtainable when the cylindrical permanent magnet is equally divided 
into a plurality of substantially uniform magnet segments, although an advantage to a certain extent can also 
be obtained even if the cylindrical permanent magnet is unequally divided into disuniform magnet 
25 segments. 

To divide the cylindrical permanent magnet can be achieved by actually mounting a permanent magnet 
rotor on the turbO"<:harger and then rotating the rotor at a very high speed. Namely, after the rotor is 
mounted on the turbo-charger, the rotor may be rotated by the manufacturer at a speed higher than the 
rated speed of the turbo-charger so as to avoid the occurrence of resonance during the operation of the 
30 turbo-charger at the rated speed. It is needless to say that the same effect can be obtained by rotating only 
the permanent magnet rotor (namely, before the rotor Is mounted on the turbo-charger at a speed higher 
than the rated speed. 

The inventors have made a research with respect to the cylindrical reinforcement member. In general, 
the greater the thickness of the cylindrical reinforcement member is, the more the stress formed in the 

36 cylindrical reinforcement member is diffused. On the other hand, however, the greater the thickness of the 
cylindrical reinforcement member is, the greater the volume of the cylindrical reinforcement member is» with 
a resultant increase in the weight thereof. In consequence, the centrifugal force acting on the reinforcement 
member during a super high speed rtoation thereof is correspondingly increased. Thus, the stress formed in 
a thicker cylindrical reinforcement member is greater than in a thinner cylindrical reinforcement member. 

40 Fig. 10 graphically illustrates the relationship between the thickness of the cylindrical reinforcement 
member and the stress formed therein which relationship was obtained by tests. The curves A. B, C, D, E 
and F shown in Fig, 10 respectively show the test results from cylindrical reinforcement members for 
cylindrical permanent magnets having diameters of 15 mm, 17 mm, 19 mm, 21 mm, 23 mm and 25 mm. 
As will be seen in Fig. 10. the curves A - F for the permanent magnets of different diameters are 

45 generally similar in shape, the research has come to the conclusion that the cylindrical reinforcement 
member should preferably has a thickness of from 3.5 mm to 5 mm. 

The break of the permanent magnet which causes a resonance of the turbine shaft will be described in 
detail hereunder. When the turbo-charger is rotated at a high speed, centrifugal forces act on the cylindrical 
reinforcement member and the permanent magnet of the rotor. Due to the centrifugal force acting on the 

50 permanent magnet, a centrifugal stress is formed in the permanent magnet. When the centrifugal stress 
exceeds the anti-breaking strength of the permanent magnet, a break of the magnet occurs. 

The centrifugal force acting on the cylindrical reinforcement member deforms the same radially 
outwardly. Because the permanent magnet is supported by the cylindrical reinforcement member, the 
permanent magnet is also deformed radially outwardly. In general, when a cylindrical member is radially 

56 outwardly expanded, a tensile stress is formed therein. When the tensile stress in the permanent magnet is 
increased, cracks are formed in the magnet until the same is broken. 

The strength of the permanent magnet against the tensile stress is lower as compared with the strength 
of the permanent magnet against the compression stress. For this reason, the permanent magnet tends to 
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be easily broken when the magnet is subjected to a tensile stress. As compared with the strengths of steels 
against the tensile stress, the strength of the permanent magnet against the tensile stress is lower, When 
the pennanent magnet is subjected to a tensile stress of, for example, from 7 to 8 kg/mm^, the magnet is 
broken. 

5 To reduce the tensile stress formed in the permanent magnet of the rotor during a high speed rotation 
thereof can be achieved by subjecting the permanent magnet to a compression stress (pre-compression 
stress) when the rotor is stationary, i.e., before the rotor is put in practical operation. In an actual operation 
of the rotor, as the speed of the rotor is increased, the cylindrical reinforcement member is gradually 
radially outwardly deformed and, at the same time, the tensile stress in the permanent magnet is also 

10 increased. However. If a pre-compression stress is formed in the permanent magnet, the tensile stress 
actually formed in the permanent magnet can be reduced by the initially formed pre-compression stress. 

To subject the permanent magnet of the rotor to an initial pre-compression pressure before operation of 
the rotor can be achieved by setting the inner diameter of the cylindrical reinforcement member to be 
smaller than the outer diameter of the cylindrical permanent magnet and by forcibly inserting the permanent 

75 magnet into the cylindrical reinforcement member, i.e., by press-fitting. 

In general, because permanent magnets are formed of fragile material, if the permanent magnet of the 
rotor is press-fitted into the cylindrical reinforcement member, the magnet is broken, with a result that an 
insufficient pre-compression stress is obtained. Thus, it is advisable to heat the cylindrical reinforcement 
member to expand the same and, thereafter, press-fit the permanent magnet into the expanded reinforce- 

20 ment member. 

In order to conduct the press-fitting after thermal expansion of the reinforcement member, the 
cylindrical reinforcement member should preferably be made of a material having a high coefficient of linear 
expansion and a high durable temperature. In addition, because the cylindrical reinforcement member is 
provided around the permanent magnet, the refinforcement member should be made of a non-magnetic 

25 material. Further more, it has been ascertained by tests that a thermal expansion of the cylindrical 
reinforcement member sufficient for the press-fitting cannot be obtained unless the reinforcement member 
has a coefficient of thermal expansion greater than about 0.007 at ttie durable temperature thereof. 
Materials which meet this condition are, for example, austenitic heat resisting steel, which has a coefficient 
of thermal expansion of 0.0125 at the durable temperature, and nickel-based alloy which has a coefficient of 

30 thermal expansion of 0.0091 at the durable temperature. 

Rg. 11 diagrammaticaily illustrates the stresses in the cylindrical reinforcement member 10 and the 
permanent magnet 12. Because the permanent magnet 12 is press-fitted into the reinforcement member 10, 
the permanent magnet 12 Is subjected to a compression stress, while the reinforcement member 10 is 
subjected to a tensile stress. 

35 The cylindrical reinforcement member 10 and the permanent magnet should be dimensioned such that 
the compression stress formed in the permanent magnet when the rotor is stationary does not exceed the 
stress of the level at which the permanent magnet cannot withstand. On the other hand, when the rotor is 
rotated at a high speed, the cylindrical reinforcement member is subjected to a centrifugally generated 
tensile stress in addition to the initial tensile s^ess. Thus, the reinforcement member and the permanent 

40 magnet should be dimensioned such that the tensile stress formed in the cylindrical reinforcement member 
when the rotor operation reaches its rated speed does not exceed the stress of the level at which the 
reinforcement member cannot withstand. 

Moreover, the rotor is exposed to a high temperature of the engine exhaust gases. This also should be 
taken into consideration in deciding the dimensions of the cylindrical reinforcement member and the 

4S permanent magnet in order to assure that the compression stress created in the permanent magnet by the 
press-fitting still remains therein when the rotor is subjected to a high engine exhaust gas temperature. 

Fig. 12 shows a still further embodiment of the permanent magnet rotor for the rotary machine directly 
connected to a turbo-charger. The rotor is designed to have a structure suited for the press-fitting described 
above. 

50 A cylindrical reinforcement member 30 is fitted over a permanent magnet 12 mounted on the turbine 
shaft 1. The cylindrical reinforcement member 30 has open ends closed by a pair of end plates 31a and 
31b respectively having through-holes 31a-1 and 31b-1 through which the turbine shaft 1 extends. The open 
ends of the reinforcement member and the end plates are connected together by socket and spigot joints 
32a and 32b. The socket and spigot joints are of shrink-fitting type and arranged such that the joint portions 

55 of the cylindrical reinforcement member 30 are inserted into the joint portions of the end plates 31a and 31b 
with an epoxy based resin applied to the joint portions. The strength at each joints 32a and 32b may 
preferably be Increased by welding, bonding or press-fitting conducted on the outer peripheral surface of 
the joint 
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Assuming that the cylindrical reinforcement member 30 and the right side end piate 31a are integrally 
fabricated to form such a bottomed reinforcement member as shown in Fig. 3. the thermal expansion of 
such bottomed cylindrical reinforcement member at its open end is different from that of the same 
reinforcement member at a portion adjacent to the bottom end. This is inconvenient to insert the permanent 
5 magnet into the bottomed cylindricai reinforcement member when it is heated. 

Fig. 13A shows a stilt further embodiment in which a cylindrical permanent magnet 12 is fitted into an 
open-ended cylindrical reinforcement member 34 of an axial dimension substantially the same as that of the 
permanent magnet 12, A pair of circular end plates 35a and 35b close the open ends of the cylindrical 
reinforcement member 34. 

fo The end plates have annular projections 36a and 36b having inner diameters the same as the outer 
diameter of the cylindrical reinforcement member 34. The annular projections 36a and 36b are fitted over 
the cylindrical reinforcement member 34 and connected thereto by shrink-fitting. 

Fig. 13B shows a still further embodiment in which circular end piates 38a and 38b have annular 
projections 39a and 39b having outer diameters smaller than the outer diameter of a cylindrical reinforce- 

?s ment member 37. The inner diameters of the annular projections 39a and 39b are larger than the inner 
diameter of the cylindrical reinforcement member 37. These annular projections are fitted into annular 
grooves formed in the opposite end faces of the cylindrical reinforcement member 37 to connect the end 
plates 38a and 38b to the cylindrical reinforcement member 37 by shrink-fitting. 

Fig. 13C shows a still further embodiment in which a cylindrical reinforcement member 40 has end 

20 faces on which annular projections 41a and 41b are formed, these projections are fitted into annular grooves 
formed in circular end plates 42a and 42b to connect the end plates to the cylindrical reinforcement 
member 40 by shrink-fitting. 

Fig. 14 shows a still further embodiment in which a cylindrical reinforcement member 42 has an axial 
dimension smaller than the axial dimension of the cylindrical permanent magnet 12. With this structure, the 

25 cylindrical reinforcement member 42 is connected to end plates 43 (only one of which is shown) only in the 
circumferential direction, while the cylindrical permanent magnet 12 is connected to the end plates 43 only 
in the axial direction. Accordingly, the permanent magnet 12 is axially restrained by the end plates 43, so 
that the permanent magnet 12 is not movable in the axial direction. 

Fig. 15 shows a method of press-fitting the permanent magnet 12 into the cylindrical reinforcement 

30 member 30. The reinforcement member 30 is assembled with a press-fitting jig 45 such that one of the joint 
portions, i.e.. stepped small diameter portions, of the reinforcement member 30 is received in the jig 45. 
Then, the assembly is heated in a heating furnace to a temperature not higher than the durable temperature 
of the material from which the cylindrical reinforcement member is made. When the assembling ability and 
the production installation are taken into consideration, the maximum heating temperature Is SOO^'C. Then, 

35 the thus heated assembly of the cylindrical reinforcement member 30 and the jig 45 is taken out of the 
heating furnace. The central axial through-hole in the cylindrical permanent magnet 12 is aligned with a 
central magnet guide pin of the jig 45. Then the magnet 12 is forced downwardly along the magnet guide 
pin until the magnet 12 is press-fitted into the cylindrical reinforcement member 30. This press-fitting 
method is advantageous In that the permanent magnet 12 is not stopped mid way of its press-fitting 

40 movement into the cylindrical reinforcement member 30. A stress by the press-fitting is created as the 
heated cylindrical reinforcement member is cooled. 

The turbo-charger in operation will possibly become unbalanced as a whole if the cylindrical permanent 
magnet is axially movable within the cylindrical reinforcement member. In order to eliminate such axial 
movement of the permanent magnet within the cylindrical reinforcement member and assure a well 

45 balanced rotary field pole, the rotary machine may preferably be provided with means for offsetting the 
magnetic center of the stator core of the generator from the magnetic center of the rotary field pole to apply 
a magnetic traction force to the permanent magnet of the rotor in an axial direction. The magnetic traction 
force tends to axially align the magnetic center of the rotary field pole with the magnetic center of the stator 
core. Thus, even if any clearance is formed between the inner surface of the cylindrical reinforcement 

50 member and the permanent magnet a thrust force acts on the permanent magnet to bias the magnet 
toward or against one end wall of the cylindrical reinforcement member. The magnetic traction force is also 
effective to moderate a radial offset to thereby improve the balance of the rotary field pole. 

Fig. 16 shows a still further embodiment of the permanent magnet rotor to be directly connected to the 
turbo-charger. The rotor is formed by a permanent magnet 12. a cylindrical reinforcement member 47 fitting 

55 over the outer periphery of the permanent magnet 12 to prevent scattering of magnet pieces when the 
magnet 12 is broken, and an end plate 48 made of a material the same as the cylindrical reinforcement 
member 47 and closing one end face of the permanent magnet 12. The permanent magnet 12 is fitted into 
the cylindrical reinforcement member 47 with substantially no (5 um or less) gap left therebetween and 
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secured to the reinforcement member by an epoxy-based adhesive. 

The end plate 48 Is connected to the cylindrical reinforcement member 47 such that a stepped reduced 
diameter portion at the open end of the cylindrical reinforcement member 47 is press-fitted into annular 
flange or projection formed along the outer periphery of the end plate 48. The two members may 
5 alternatively be connected by welding. 

In the rotor of this embodiment, the thickness of the end plate 48, over which the end plate is engaged 
with the turbine shaft 1 , is more than 1/8 of the axial dimension of the permanent magnet 12. 

In operation, the cylindrical reinforcement member 47 around the permanent magnet 12 is considered 
to be integral with the end plate 48 because they are connected together. When the rotor is rotated at a 
10 high speed, the reinforcement member 47 and the end plate 48 are deformed in a manner shown in Fig. 17. 
The face of the end plate 48 in contact with the turbine shaft 1 is inclined relative to the peripheral surface 
of the shaft 1 due to a centrifugal expansive force and a force which tends to radially outwardly expand a 
central portion. 

If the end plate were formed of a thin member, the gap between the end plate and the shaft will be so 
15 enlarged that the connection between the shaft and the end plate is lost The connection between the rotor 
and the shaft in the axial direction is solely by means of fastening or clamping forces applied by nuts. Thus, 
the rotor v/lll be movable relative to the shaft. 

When the end plate has a predetermined thickness, the inclined deformation of the end plate due to the 
centrifugal force functions to decrease the gap between the end plate and the shaft to thereby avoid the 
20 occurrence of angular displacement or movement of the end plate relative to the shaft during rotation of the 
rotor, with a resultant advantage that increase of the unbalance caused during rotation is prevented. 

When the radial thickness of the cylindrical reinforcement member 47 is determined to be 1/12 of the 
outer diameter the permanent magnet 12, the reinforcement member exhibits a sufficient strength and 
provides a sufficient rigidity against inclination of the end plate 48 to thereby advantageously prevent the 
25 occurrence of increase of the unbalance caused during rotation. 

The shape of the end plate will be described hereunder with reference Figs. ISA and 18B. Basically, 
the shape of the end plate 48 is determined solely by the face of the end plate disposed in contact with the 
turbine shaft. Namely, the end plate may be of tapered shape as shown in Fig, 1 8A or of stepped shape as 
shown in Fig. 188. The right and left end plates may have different thicknesses. In the case where the end 
30 plate 48 is connected to a cylindrical reinforcement member 47 by a socket and spigot joint, as shown in 
Rg. 19. the thickness of the end plate is preferably increased to increase the area of the surface of the end 
plate disposed in contact with the shaft with a resultant increase in the stability of the socket and spigot 
joint and the strength and the rigidity of the end plate. 

The structure described above provides following advantages: 
35 The end plate having a thickness greater than 1/8 of the axial dimension of the permanent magnet 
improves the bending rigidity of the whole of the rotor to suppress the occurrence of abnormal vibration of 
the shaft; and 

The cylindrical reinforcement member having a radial thickness greater than 1 12 of the outer diameter 
of the permanent magnet provides the rotor with a desired strength and improves the rigidity of the rotor to 
40 suppress the occurrence of abnormal vibration of the shaft. 

Rg. 20 shows another embodiment of the turbo-charger equipped with a directly connected rotor. The 
turbo-charger includes a turbine impeller 58b to be rotated by engine exhaust gases. The turbine impeller is 
disposed in a turbine casing 61 and secured to a turbine shaft 56a. A compressor impeller 57 is disposed in 
a compressor casing 62 and mounted on the turbine shaft 56a for rotation therewith to forcibly feed intake 
45 air into the engine. 

The outer diameter of the turbine shaft 56a is reduced stepwise toward an end of the shaft. The shaft 
carries a thrust collar 65, a permanent magnet rotor 58a, collars 59a and 59b and the compressor Impeller 
57. The component parts are mounted on the shaft in the mentioned order and tightened by a nut 63 such 
that the thrust collar 65 is urged against a first stepped portion 56c of the shaft and the collar 59a is urged 
50 against a second stepped portion 56d- 

The turbine shaft 56a is rotatably supported by a center housing 64 through radial bearings 60a and 
60b. The thrust force of the turbine shaft is transmitted to the center housing 64 via the thrust collar 65 and 
a thrust bearing 66 mounted on the thrust collar 65. 

A rotary machine is directly connected to the turbo-charger and formed by the permanent magnet rotor 
55 58a and a stator 58b including a stator coil 58c. 

Cooling oil is fed into the turbo-charger through an oil Inlet 67 formed in the center housing 64 and 
discharged through an oil outlet 68. The center housing 64 has formed therein an oil passage 70 which is 
sealed from the turbine casing 61 by a piston ring 69. The oil passage 70 in the center housing is also 
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sealed from the compressor casing 62 by a mechanical seal 72 supported by a back plate 71 . 

The cooling oil is fed to the radial bearings 60a and 60b and to the thrust bearing 66. The cooling oil 
not only acts as a lubricant but also functions to block the transfer of heat generated within the turbing 
casing 61 to other sections of the turbo-charger. The cooling oil further flows to the permanent magnet rotor 
5 58s and the stator 58b and is circulated to cool the stator 58b. 

The thrust bearing 66 is disposed radially inwardly of the stator 58b and does not extend axially 
outwardly of the stator 58b to advantageously realize a compact design of the turbo-charger in its entirety. 

Fig. 21 shows details of the mechanical seal 72. The mechanical seal 72 comprises a seal ring 81, a 
packing 82, a spring 83 and a casing 84 which is press-fitted into a hole in the back plate 71, The seal ring 
10 81 has a sealing face disposed in sliding sealing engagement with the collar 59b, The spring 83 resiliently 
biases the seal ring 81 to prevent the occurrence of a disuniform or uneven sliding sealing engagement of 
the seal ring which would otherwise be caused by vibration of the turbine shaft 56a. The mechanical seal 72 
is operative to seal the compressor casing 62 from the oil passages formed in the center housing 64. 

IS 

Claims 

1. A turbo-charger for an internal combustion engine, comprising: 
a turbine driven by engine exhaust gases; 
20 a turbine shaft fixed to said turbine; 

a compressor secured to said turbine shaft and driven thereby to forcibly feed air into the engine; 
a substantially cylindrical permanent magnet provided arount said turbine shaft; 
a stator disposed in opposed relationship to said permanent magnet; 

a substantially cylindrical reinforcement member fitted onto said cylindrical permanent magnet; and 
25 at least one end plate connected to an open end of said cylindrical reinforcement member such that said 

end plate radially inwardly supports the outer periphery of said open end. 

2- A turbo-charger according to Claim 1, wherein said cylindrical reinforcement member is bottomed 

and comprises a substantially cylindrical section and an end wall integral therewith, said end wall being 

disposed in the end of said cylindrical reinforcement member axially opposite to said open end. 
30 3. A turbo-charger according to Claim 1 . wherein said cylindrical reinforcement member has open ends 

and a pair of said end plates are connected to said oepn ends such that each of said end plates radially 

inwardly supports the outer periphery of one of said open ends. 

4. A turbo-charger according to Claim 1. wherein said cylindrical reinforcement member comprises 
longer and shorter substantially cylindrical sections divided along a plane perpendicular to the axis of said 

35 cylindrical reinforcement member, each of said longer and shorter cylindrical sections has an integral end 
wall and an open end axially opposite to said end wall, and the open ends of said longer and shorter 
cylindrical sections are connected together such that the open end of said shorter cylindrical section radially 
inwardly supports the outer periphery of the open end of said longer cylindrical section. 

5. A turbo-charger for an internal combustion engine, comprising: 
40 a turbine driven by engine exhaust gases: 

a turbine shaft fixed to said turbine; 

a compressor secured to said turbine shaft and driven thereby to forcibly feed air into the engine; 
a substantially cylindrical permanent magnet fixed to said turbine shaft; 
a stator disposed in opposed relationship to said permanent magnet; 
45 a substantially cylindrical reinforcement member provided around said cylindrical permanent magnet; and 
at least one end plate welded to an open end of said cylindrical reinforcement member along a circle of a 
diameter greater than the outer diameter of said cylindrical permanent magnet 

6. A turfcwD-charger for an internal combustion engine, comprising: 
a turbine driven by engine exhaust gases; 

so a turbine shaft fixed to said turbine; 

a compressor secured to said turbine shaft and driven thereby to forcibly feed air into the engine; 
a substantially cylindrical permanent magnet provided around said turbine shaft; 
a stator disposed in opposed relationship to said permanent magnet; and 

a substantially cylindrical reinforcement member press-fitted onto said cylindrical permanent magnet. 
55 7. A turbo-charger for an internal combustion engine, comprising: 
a turbine driven by engine exhaust gases; 
a turbine shaft fixed to said turbine; 

a compressor secured to said turbine shaft and driven thereby to forcibly feed air into the engine; 
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a substantially cylindrical permanent magnet driven by said turbine shaft; 
a stator disposed in opposed relationship to said pernnanent magnet; and 

a substantially cyiindrical reinforcement member provided around said cylindrical permanent magnet; 
said cylindrical permanent magnet being divided into magnet segments, 
s 8, A turbo-charger according to Claim 7, wherein said permanent magnet is divided into two magnet 
segments. 

9. A turbo-charger according to Claim 7, wherein said permanent magnet is divided into three magnet 
segments. 

10. A turbo-charger according to Claim 7, wherein said permanent magnet is unequally divided into the 
70 magnet segments. 

11. A turbo-charger according to Claim 10. wherein said permanent magnet is divided by rotation 

thereof. 

12. A turbo-charger according to Claim 7, wherein said permanent magnet is divided into more than 
eight magnet segments in the case where said turbine shaft is adapted to be rotated at a rated speed 

T5 higher than 100,000 rpm. 

13. A turbo-Charger according to Claim 7, wherein said permanent magnet is divided into more than 
sixteen magnet segments in the case where said turbine shaft is adapted to be rotated at a rated speed of 
more than 1 50,000 rpm. 

14. A turbo-charger for an internal combustion engine, comprising: 
20 a turbine driven by engine exhaust gases; 

a turbine shaft fixed to said turbine; 

a compressor secured to said turbine shaft and driven thereby to forcibly feed air into the engine; 
a substantially cylindhcai permanent magnet driven by said turbine shaft; 
a stator disposed in opposed relationship to said permanent magnet; and 
25 a substantially cylindricai reinforcement member provided around said cylindhcai permanent magnet; 
said cylindrical reinforcement member having a thickness ranging from 3.5 mm to 5 mm. 

15. A turbo-charger comprising: 

a turbine casing accommodating a turbine impeller; 

a compressor casing accommodating a compressor and spaced from said turbine casing by a center 
30 housing; 

a turbine shaft for transmitting the rotation of said turbine impeller to said compressor; 

a substantially cylindrical permanent magnet provided on said turbine shaft and disposed in said center 
housing; 

a stator disposed in said center housing in opposed relationship to said cylindrical permanent magnet: 
35 oil inlet means for supplying a cooling oil into said center housing; 

oil outlet means for discharging the cooling oil from said center housing; 

first sealing means for sealing said turbine casing from said center housing; and 

second sealing means disposed on the side of said cylindrical permanent magnet adjacent to said 

compressor casing to seal said compressor casing from said center housing. 
40 16, A turbo-charger according to Claim 15. wherein said center housing and said compressor casing are 

partitioned from each other by a back plate, and said second sealing means is mounted on said back plate. 
17. A turbo-charger for an internal combustion engine, comprising: 

a turbine driven by engine exhaust gases; 

a turbine shaft fixed to said turbine; 
45 a compressor secured to said turbine shaft and driven thereby to forcibly feed air into the engine; 

a substantially cylindrical permanent magnet driven by said turbine shaft: 

a stator disposed in opposed relationship to said permanent magnet; and 

a thrust bearing for bearing a thrust force of said turbine shaft; 

said thrust bearing being disposed within an area projected from said stator towards said turbine shaft, 
50 18. In a turbo-charger including a turbine shaft driven by engine exhaust gases, a substantially 

cylindrical permanent magnet mounted on said turbine shaft and a stator disposed radially outwardly of said 

permanent magnet and in opposed relationship thereto, the improvement which comprises means for 

imparting a magnetic traction force to said permanent magnet in an axial direction thereof during rotation of 

said permanent magnet 
55 1 9. A turbo-charger for an internal combustion engine, comprising: 

a turbine driven by engine exhaust gases; 

a turbine shaft fixed to said turbine; 

a compressor secured to said turbine shaft and driven thereby to forcibly feed air into the engine; 
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a substantially cylindrical permanent magnet driven by said turbine shaft; 

S3'pl'rSSg""»lcK„- r—r *an „a o, *e »da, dimansion o( said p»ma„en, magna, and 

permanent magnet. 
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